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I. INTRODUCTION

The need for materials capable of sustained use in oxidizing

environments at high temperatures has created much interest in the

oxidation resistance of high-melting metals and alloys.

Unfortunately, most of the refractory metals or alloys show poor

oxidation resistance in oxidizing environment6 at high

temperatures. However, a metal or an alloy may be protected from

oxidation by coating.

After an extensive review of possible high-temperature metals

and refractory compounds, we have selected iridium-base alloys as

the most promising protective coating materials at ultrahigh

temperatures. Iridium has a high melting point and exhibits

relatively low oxidation rates compared to other high-melting

metals. However, iridium forms gaseous oxides of IrO2 and IrO 3

instead of a protective oxide scale in high-temperature oxidizing

environments. Binary alloys in iridium-aluminum or iridium-

hafnium systems could form external oxide layers if the

concentration of aluminum or hafnium is large enough. The

formation of a continuous external layer of A1203 or HfO2 could

prevent the formation of gaseous iridium oxides. Indeed previous

studies of alumina-forming alloys 1-9 have shown that A1203 is one

of the most effective barriers for high-temperature oxidation

resistance.

In a binary alloy A-B, where element B is less noble than

element A, the formation of a continuous external B oxide scale

depends on the difference between the solubility-diffusivity

product of oxygen and element B in the alloy. The alloy will form
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a continuous external B oxide scale when DBCB >> DoCO where DB and

Do are the diffusivities of element B and oxygen in the alloy

respectively, CB is the concentration of element B, and CO is the

solubility of oxygen in the alloy. We well know that a third

element C can lower the concentration of element B necessary for

the formation of a continuous external B oxide scale.1 0  For

example, chromium significantly decreases the aluminum

concentration necessary for the formation of a protective alumina

scalp in nickel-aluminum alloys.2 -5  Thus, it is possible that

silicon could decrease the aluminum concentration necessary for

the formation of a protective alumina scale in the binary aluminum

alloys of iridium, rhenium, molybdenum, and tungsten.

This study investigates the development and growth of A1203

and HfO2 scale on iridium-aluminum and iridium-hafnium alloys and

the effect of silicon on the oxidation behavior of various

alumina-forming binary alloys such as iridium-aluminum, rhenium-

aluminum, molybdenum-aluminum, and tungsten-aluminum alloys. The

optimum alloy coating compositions for oxidation protection

between 1,550"C (2,8220F) and 1,800"C (3,272"F) in oxidizing

environments have been determined.

2



II. EXPERINENTAL

Interrupted weight-change measurements (WGM) and thermo-

gravimetric-analysis (TGA) experiments have been used to

investigate the oxidation kinetics. In TGA expariments, weight

changes during oxidation have been continuously measured using a

Cahn model 2000 electrobalance.

Iridium-base alloys containing a wide range of aluminum or

hafnium and Iridium, rhenium, molybdenum, and tungsten-base alloys

containing a wide range of aluminum and silicon were prepared by

arc melting predetermined amounts of the pure metals. Specimens

for the weight-change measurements were cut from the alloy coupons

with a diamond saw. The specimens were then polished through 600

grit SiC paper, cleaned in an ultrasonic cleaner, and rinsed in

acetone.

For a TGA experiment, a polished specimen was placed in a

specially machined alumina holder, which was inserted into the

furnace at the reaction temperature, and then hung from the

balance using a sapphire fiber. To prevent any oxidation during

the sample hanging process, the gas-tight alumina reaction tube

was purged with ar argon/5% hydrogen gas mixture, which was

purified using titanium sponge at 8000C. After the balance was

stabilized, the reaction gas of desired composition was passed

through the reaction tube, and weight changes were monitored

continuously using a strip-chart recorder with an accuracy of

± 10-4 g. For an interrupted weight-change measurenent (WGM), a

similar process was used except that a polished specimen was held

in the reaction zone using an alumina crucible. The specimen was

3



then pulle! out after a certain ppriod of time, and the weight

change was measured using a Mettler HL 52 electrobalance with an

accuracy of ± 10- 5 g.

After the oxidation experiments, selected specimens were

sputter coated with gold, electroplated with copper, and pressure

mounted with copper. The mounted specimens were polished through

0.25-micron diamond paste, coated with carbon, and then examined

and characterized using scanning electron microscopy (SEM) and

energy dispersive x-ray analysis (EDAX). For selected specimens,

x-ray diffraction was used to determine the oxide phases present

in the scale.

4



III. RESULTS AND DISCUSSION

Part I. 4xidation of Binary Alloys

Qxidation of Iridium-Hafnium Alloys

The oxidation kinetics of iridium-hafnium alloys containing

5, 50, and 65 at* hafnium have been investigated. Our x-ray

diffraction results are in agreement with the iridium-hafnium

phase diagram1 1 . The iridium-50 at% hafnium alloy is an

intermetallic compound HfIr, while the iridium-5 and -65 at%

hafnium alloys are two-phase mixtures of hafnium-Hf2 Ir and HfIr-

HfIr 3 , respectively.

In Fig. 1, the observed weight changes for iridium-hafnium

alloys exposed to 1 atm oxygen at 1,5500C are compared with that

of pure iridium. The weight changes were measured using TGA for

the iridium alloys containing 50 and 65 at% hafnium and using WGM

for the iridium-5 at% hafnium alloy and pure iridium. Iridium and

the iridium-5 at% hafnium alloy exhibit rapid weight losses

because of the formation of gaseous iridium oxides. The iridium

alloys containing 50 and 65 at% hafnium gain weight initially but

eventually lose weight. The initial weight gain period increases

as the hafnium content increases. SEM micrographs of the oxide

scales for the iridium alloys containing 50 and 65 at% hafnium are

shown in Figs. 2 and 3, respectively. The outer oxide layer

(about 5 pm) of the iridium-65 at% hafnium alloy appears fairly

dense (Fig. 3), while that of the iridium-50 at% hafnium alloy is

very porous (Fig. 2). Apparently, the iridium alloys containing

50 and 65 at% hafnium initially form a protective external oxide

layer. The selective oxidation of hafnium in the alloys

5
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Figure 1. The variation of weight change (TGA: for the Ir-50 and
65 at% Hf alloys; WGM: for the Ir and Ir-5 at% Hf
alloy) with time for the oxidation of iridium-hafnium
alloys exposed to 1 atm oxygen at 1,550"C.
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10 um

Figure 2. SEM showing the cross section of the oxide scale formed
on an iridium-50 at% hafniur alloy exposed to 1 atm
oxygen for 2 hours at 1,550'C.

CU

OxideVA

Figure 3. SEM -howing the cross section of the oxide scale formed
on an iridium-65 at% hafnium alloy exposed to 1 atm
oxygen for 4 hours at 1,550'C.
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eventually reduces the hafnium concentration below that necessary

for 4he formation of a protective HfO2 scale, and eventually a

weight loss is observed as shown for the iridium-50 at% hafnium

alloy in Fig. 1. Figure 4 shows the weight change curves measured

using TGA for the iridium-65 at% hafnium alloy at 1,550"C exposed

to 0.2 and 1 atm oxygen. After about 4 hours in 1 atm oxygen at

1,5500C, even the iridium-65 at% hafnium alloy loses weight. It

is interesting to note that in 0.2 atm oxygen, the weight loss

does not occur until after 8 hours.

Figure 5 indicates that the initial oxidation follows a

parabolic-rate law and is independent of oxygen pressure. The

dotted line is extrapolated from the previously determined

parabolic-rate constant for pure hafnium. 12  Previous marker

studies13 suggest that the oxidation of hafnium is by the inward

oxygen migration through the scale, and the parabolic-rate

constant is independent of oxygen pressure at 800"C, which

indicates that HfO2 is an n-type oxide.

8
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Figure 4. The variation of weight change (TGA) with tir~e for the
oxidation of an iridium-65 at% hafnium alloy exposed to
1 atm and 0.2 atm oxygen at 1,550*C.
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Oxidation of Iridium-Aluminum Alloys

Our x-ray diffraction results for iridium-aluminum alloys

containing 40, 55, 60, 65, 70, 72 and 74 at% aluminum are

summarized in Table 1.

Table 1. X-ray Diffraction Results for Iridium-Aluminum Alloys.

Ir/Al 60/40 45/55 40/60 35/65 30/70 28/72 26/74
(at%)

Phases Ir IrAl IrAl IrAl IrAl IrAl2.5 IrAl3
+IrAl +IrAl2 .5 +IrAl 2 .5 +IrAl 2 .5  +IrA12. 5

Although there is no reported phase diagram for the iridium-

aluminum system, an estimated one 1 4 is shown in Fig. 6. Our

studies indicate that the iridium-55 at% aluminum alloys exhibit

an IrAl single phase. However, the iridium alloys containing 60,

65, 70 and 74 at% aluminum are two-phase mixtures. The

microstructure for 60 and 65 at% aluminum alloys are shown in

Figs. 7 and 8, respectively. The light phase contains about 55 -

57 at% aluminum, while the dark phase contains about 72 at%

aluminum. X-ray diffraction confirms that the light phase is

IrAl. 15 However, the diffraction patterns in the dark phase do

not match the reported IrAl 3 peaks1 5 , even though Fig. 6 would

suggest that the dark phase is IrAl3. It is interesting to note

that the IrA1 3 diffraction patterns are observed in the iridium-74

at% aluminum alloy. Any further characterization of the phase

with about 72 at% aluminum is not possible from our results; thus

the unknown phase is referred to as IrAl. (x = 2.5) in this report.
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Figure 7. SEM showing the microstructure of an iridium-60 at%
aluminum alloy (unetched).

30 gm
Figure 8. SEM showing the microstructure of an iridium-65 at%

aluminum alloy (unetched).
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The iridium-65 at% aluminum alloy shows partial melting at

1,650°C and above (no melting at 1,600'C and below), while the

iridium-60 at% aluminum alloy does not show apparent melting at

temperatures up to 1,8006C. The major proportion (f 74 mol%) of

the iridium-60 at% aluminum alloy is the IrAl (Fig. 7), whereas

the major propoLtion (m 58.4 mol%) of the iridum-65 at% aluminum

alloy is the IrAl. (Fig. 8). Thus, we suggest that the melting

temperature of the IrAl. (x 0 2.5) is between 1,600 and 1,650°C

and that of the IrAl is above 1,800"C. The iridium-60 at%

aluminum alloy does not show apparent melting at temperatures

above 1,650°C because the amount of liquid (IrAl.) is small

( 26 mol%).

Iridium-aluminum alloys containing 5, 22, 50, 55, 60 and 65

at% aluminum have been oxidized in 1 atm oxygen at 1,6500C. The

results shown in Fig. 9 indicate that alloys with 55 at% or less

aluminum do not form a protective oxide scale and lose weight

because of the formation of gaseous iridium oxides. The weight

changes were measured using TGA for the iridium alloys containing

60 and 65 at% aluminum and using WGM for pure iridium and the

iridium alloys containing 5, 22, 50 and 55 aluminum. As shown in

Fig. 10, the oxide scale formed on the iridium-55 at% aluminum

alloy is extremely porous; thus more than 55 at% aluminum is

required to form a protective A1203 scale. As indicated earlier,

55 at% aluminum is the aluminum-rich boundary of the IrAl phase,

which implies IrAlx (x = 2.5) is necessary for the formation of a

protective A1203 scale. Indeed, Fig. 9 indicates that aluminum

alloys containing 60 and 65 at% aluminum form a protective

14



external A12 03 scale which prevents the formation of gaseous

iridium oxides. The oxide scale formed on the iridium-65 at%

aluminum alloy appears dense and protective (Fig. 11).

The activation energy for oxidation has been determined by

oxidizing iridium-60 at% aluminum alloys at temperatures between

1,550 and 1,800°C and at oxygen pressures between 0.01 and 1 atm.

Although a parabolic-rate law is observed, SEM has shown that the

alloys lose some iridium because of a local breakdown of the

protective oxide scale, particularly at temperatures above

1,700-C. To avoid any error from the loss of iridium, the

thickness of the oxide scales is measured using the SEM

micrographs, and rate constants are calculated from the measured

thickness assuming 100% dense A1 203 . Results are shown in

Fig. 12. Results' for the oxidation of NiAl from WGM at

temperatures between 1,000 and 1,300°C are also included for

comparison in Fig. 12. The oxidation of the iridium-60 at%

aluminum alloy has the same activation energy (76 ± 5 kcal/mol) as

that for NiAl. This agreement indicates that the growth of an

A1203 scale controls the oxidation rate of these two alloys.

Scale-morphology studies8'16 have indicated that A1203 grows

by the inward migration of oxygen. Experiments with 1602/1802

tracers for the growth of A1203 on NiCrAl alloys at 1,100"C 17 have

shown that inward oxygen transport via grain-boundaries is the

dominant transport process. The agreement in Fig. 12 suggests

that inward oxygen transport via grain-boundary diffusion could

also be the rate-limiting process for the oxidation of iridium-

aluminum alloys. The oxyqen diffusion coefficient in

15
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Figure 9. The variation of weight change (TGA: for the Ir-60 and
65 at% Al alloys; WGM: for the Ir and Ir-5, 22, 50,
and 55 at% Al alloys) with time for the oxidation of
iridium-aluminum alloys exposed to 1 atm oxygen at
1, 650-C.
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Alloy oxde

Figure 10. SEM showing the cross section of the oxide scale formed
on an iridium-50 at% aluminum alloy exposed to 1 atm
oxygen for 3 hours at 1,6500 C.

Alloy Oxide

Figure 11. SEM showing the cross section of the oxide scale formed
on an iridium-65 at% aluminum alloy exposed to 1 atm
oxygen for 48 hours at 1,600°C.
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polycrystalline A1203 is nearly two orders of magnitude larger

than that observed for single crystal A1203 ,18 which is ascribed

to enhanced grain-boundary diffusion. Above 1,450°C, the

activation energy for oxygen diffusion in polycrystalline A1203 is

110 kcal/mol18 , which is significantly larger than the activation

energy for A1 203 -scale growth in this study (76 ± 5 kcal).

However, the grain size (130 pm) of their polycrystalline

specimens is larger than the thickness (5 Mm after 5 minutes and

50 pm after 48 hours) of the A1203 scales formed on our iridium-

aluminum alloys at 1,600"C. The small grain size of our A1203

scales could enhance oxygen diffusion, and decrease the activation

energy.

After 1 minute of oxidation, the oxide scale of an iridium-65

at% aluminum alloy exposed to 1 atm oxygen at 1,600"C is not

continuous, and only the IrAl phase is observed near the

alloy/scale interface. The absence of the IrAlx phase indicates

an aluminum-depletion zone, presumably due to the slow transport

of aluminum in the alloy. After 5 minutes of oxidation, the oxide

scale is continuous, and oxygen must diffuse through the A1203

scale. Because oxygen diffusion through the scale is slower than

the aluminum diffusion in the alloy, no aluminum-depletion zone at

the scale/alloy interface is observed. After 48 hours of

oxidation (Fig. 11), the A1203 scale is dense and continuous. The

aluminum concentration of the alloy decreases as the oxidation

continues, and the alloy becomes mostly IrAl. At this stage, if

the A1203 scale cracks, a protective oxide scale will not form at

the bottom of the crack because the aluminum concentration in the

19



alloy is below that necessary for the formation of a continuous

A1203 scale. Thus. the alloy oxidizes rapidly by forming a porous

A1203 scale and gaseous iridium oxides.

20



Part II. Oxidation of Ternary Alloys

Oxidation of Iridium-Aluminum-Silicon Alloys

The TGA results for iridium-aluminum-silicon alloys exposed

to I atm oxygen are shown in Fig. 13. After around 60 hours, the

iridium-60 aluminum alloy (20 mils thick) exhibits ncnprotective

oxidation and forms porous A1203 scales and gaseous iridium oxides

presumably due to aluminum depletion in the alloy. However, the

iridium-30 aluminum-10 silicon alloy (20 mils thick) shows

protective oxidation behavior for almost 300 hours. To examine

the adherence of the oxide scale formed on iridium-aluminum-

silicon alloys, an iridium-50 aluminum-8 silicon alloy (42 mils

thick) has been exposed to 1 atm oxygen and thermally cycled

between 1,600 C and room temperature for 1,000 hours (Figs.13 and

14). In the temperature-cycling test, the alloy is pulled out of

the furnace to room temperature in about 5 seconds, cooled down to

room temperature, and inserted back to the furnace in about 5

seconds (arrows in Fig. 14). Thermal cycling does not lead to

scale spallation or an increased oxidation rate. Thus, silicon

decreases the aluminum concentration necessary for the formation

of a protective alumina scale from around 55 to below 30 at%, and

re arkably increases the lifetime of the oxide scale under thermal

cycling. Although the data are not shown in this report, all

iridium-aluminum-silicon alloys with 30 - 50 at% aluminum and 8 -

15 at% silicon show a protective oxidation behavior with

considerably longer lifetime compared with that of iridium-

aluminum binary alloys.

The dotted line in Fig. 14 is the extrapolated oxidation

behavior for an iridium-65 aluminum alloy at 1,600"C in I atm

21
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Figure 13. The variation of weight change (TGA) with time for the
oxidation of iridium-aluminum-silicon alloys exposed
to 1 atm oxygen at 1,5500C and 1,6000C.
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Figure 14. The variation of weight change (TGA) with time for the
oxidation of an iridium-50 at% aluminum-8 at% silicon
alloy exposed to 1 atm oxygen at 1,6006C.
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oxygen. The overall oxidation kinetics of the ternary iridium-50

aluminum-8 silicon alloy follows a parabolic rate law, and the

oxidation rate is about same as that for the binary iridium-65

aluminum alloy. Thus, it appears that the oxide scale is

virtually pure alumina, continuous and protective.

Figures 15.a and 16.a show the cross sections of the oxide

scale for an iridium-50 aluminum-8 silicon alloy after 5 minutes

and 1,000 hours of oxidation, respectively, in pure oxygen at

1,600-C. Figures 15.b, 15.c, 16.b, and 16.c are EDAX maps of

aluminum and silicon for the cross sections shown in Figs. 15.a

and 16.a. Figure 15.a shows that after 5 minutes of oxidation,

the oxide scale is continuous and contains some pores. Some

porous alumina particles are found at the outer edge of the scale.

The morphology of the oxide scale is very similar to that of the

oxide scale formed on an iridium-65 aluminum alloy. EDAX analysis

(Figs. 15.b, 15.c, 16.b, and 16.c) shows that there is no silicon

in the oxide scale even after 1,000 hours of oxidation. Thus, the

SEM/EDAX analysis and the oxidation kinetics indicate that the

oxide scale is virtually pure alumina and that the oxidation is

controlled by the growth rate of alumina. Because the equilibrium

oxygen pressure for the coexistence of A1203/Al is about 5 orders

of magnitude smaller than that for the coexistence of SiO2/Si at

1600"C,19 a silica scale does not form when the alumina scale is

continuous and protective.

Figures 17.a and 18.a show the cross sections of the oxide

scales on an iridium-30 aluminum-10 silicon alloy after 45 and 380

hours of oxidation, respectively, in pure oxygen at 1,550"C. EDAX
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maps (Figs. 17.b and 17.c) show that there is no silicon in the

oxide scale after 45 hours of oxidation. However, a layer of high

silicon concentration is found at the inner edge of the oxide

scale after 380 hours of oxidation (Fig. 18.c), when the oxide

scale is no longer protective (see Fig. 13). Table 2 is the mol%

of alumina and silica in the oxide scale at the locations shown by

numbers 1 to 9 in Fig. 18.a.

Table 2. Molar percent of AI202 and Si0 2 in the oxide
scale on an iridium-39 aluminum-10 silicon
alloy shown in figure 18.a.

# 1 2 3 4 5 6 7 8 9

A12 03 4.07 5.01 5.23 5.55 5.89 15.39 33.03 67.35 100
SiO 2 95.93 94.99 94.77 94.45 94.11 84.61 66.97 32.65 0

The inner layer with high silicon concentration is mostly a SiO2 -

A1203 eutectic mixture (about 5 mol% A1203), and the fraction of

A1203 increases in the scale to pure A12 03 at the scale/gas

interface.

When the aluminum activity at the alloy/oxide interface

decreases to the value necessary for reaction (1) to proceed, SiO2

will begin to form at the alloy/scale interface. This occurs

after around 90 hours for the iridium-30 aluminum-lO silicon alloy

at 1,550"C in 1 atm oxygen. The chemical stability of a SiO 2 or

an A1203 layer on an alloy containing aluminum and silicon can be

calculated from equation (1).

3/2 ij + A1 203 - 3/2 SiO 2 + 2&A1 (1)
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The standard free energy for reaction (1) is 50,828 cal, 19 and the

equilibrium constant is 8.05 x 10-7 at 1,5504C. Assuming that the

silicon activity is equal to its mole fraction (aSi - 0.1),

equation (1) requires that the aluminum activity at the

alloy/oxide interface is less than 5.05 x 10- 3 before SiO 2 will

form. The parabolic rate constant for the formation of silica is

about 1.5 to 2 orders of magnitude smaller than that of alumina at

1,550°C "20  Thus, the formation of an inner silica layer will

decrease the oxidation rate significantly. The decreasing weight

for the iridium-30 aluminum-10 silicon alloy after about 90 hours

in Fig. 13 suggests that the alloy is losing iridium presumably

due to scale cracking and that the rate of weight loss by the loss

of iridium is slightly faster than that of weight gain by the

formation of silica. In addition, the oxygen-activity gradient

across the inner silica layer is extremely low. Thus the weight

change is virtually negligible after about 90 hours ot oxidation

in Fig. 13. After about 320 hours, the activity of silicon in the

alloy decreases below that necessary for the formation of a

continuous silica layer, and the alloy loses weight rapidly due to

the formation of volatile iridium oxides.

Oxidation of Rhenium-Aluminum-Silicon. Molybdenum-Aluminum-

Silicon. and Tungsten-Aluminum-Silicon Alloys

Interrupted weight-change measurement (WGM) curves for

rhenium-aluminum-silicon, tungsten-aluminum-silicon, and

molybdenum-aluminum-silicon alloys (20 mils thick) exposed to 1

atm oxygen or air at 1,550"C are shown in Figs. 19, 20, and 21,
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respectively. The rhenium-40 aluminum-30 silicon alloy in 1 atm

oxygen at 1,5509C exhibits an initial weight gain followed by

small weight loss, whereas the rhenium-30 aluminum-30 silicon

alloy exhibits a rapid weight loss initially, which appears to

decrease after around 25 hours. The sparse data (two points) for

the tungsten-40 aluminum-30 silicon and the tungsten-30 aluminum-

40 silicon alloys indicate that they gain weight during the first

24 hours in air at 1,5500C. The lack of any additional data for

the rhenium and tungsten alloys preclude any definitive analysis

and conclusions.

The molybdenum-40 aluminum-30 silicon, and molybdenum-30

aluminum-40 silicon alloys have been exposed to 1 atm oxygen, and

thermally cycled between 1,5500C and room temperature. The data

points in Fig. 21 represent the cycling times (the cooling and

heating time during each cycle was about 10 min). After around

800 hours of oxidation, the molybdenum-40 aluminum-30 silicon

alloy still exhibits a protective oxide scale. However, the

molybdenum-30 aluminum-40 silicon alloy loses weight sometime

between 500 and 800 hours (Fig. 21). There was no evidence of

scale spallation in either alloy. Figure 22 is a plot of weight

gain2 vs time for the molybdenum-base alloys. The dotted line in

Fig. 22 is the extrapolated oxidaticn behavior for the iridium-65

aluminum alloy at 1,5500C in 1 atm oxygen. Comparing the results

for the molybdenum-aluminum-silicon alloys with the extrapolated

line indicates that there is some loss of molybdenum presumably

due to the formation of volatile molybdenum oxides.
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Figure 19. The variation of weight change (WGM) with time for the
oxidation of rhenium-aluminum-silicon alloys exposed
to 1 atm oxygen at 1,550"C.
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Figure 20. The variation of weight change (WGM) with time for the
oxidation of tungsten-aluminum-silicon alloys exposed
to air at 1,5500C.
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Figure 21. The variation of weight change (WGM) with time for the
oxidation of molybdenum-aluminum-silicon alloys
exposed to 1 atm oxygen at 1,550"C.
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Figures 23.a and 24.a show the cross sections of the oxide

scale for the molybdenum-40 aluminum-30 silicon and molybdenum-30

aluminum-40 silicon alloys, respectively, after 800 hours of

oxidation in pure oxygen at 1,5500C. As is expected from the

oxidation of iridium-aluminum-silicon alloys, no silica is found

when the oxide scale is protective (Fig. 23.c), and a layer of

silica is found at the inner edge of the alumina scale when the

oxide scale has lost its protective nature (Fig. 24.c). The

pores, which are observed in these alloys after oxidation, have

not been observed in the iridium-aluminum-silicon alloys. In

1 atm oxygen at 1,5500C, the equilibrium pressures of gaseous Ire3

and MoO 3 are 1.45 x 10- 3 and 1.18 x 107 atm, respectively.
19' 21

Thus the pores observed in the molybdenum-aluminum-silicon alloys

may be ascribed to the formation of MO 3 and its extremely high

equilibrium pressure.
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IV. SUIOMARY

The oxidation behavior of iridium, rhenium, tungsten, ai-d

molybdenum-based alloys which were selected as the most promising

coating materials for oxidation protection at ultrahigh

temperatures has been investigated in 1 atm oxygen at 1,550"C

(2,822OF) - 1,800°C (3,272-F).

The hafnium concentration necessary for the formation of a

continuous external HfO2 scale in iridium-hafnium alloys is above

50 at% hafnium. The aluminum concentration necessary for the

formation of a continuous external A120 3 scale in iridium-aluminum

alloys is above 55 at% aluminum, which is the aluminum-rich

boundary of IrAl phase. Thus, it appears that the IrAlx (x z 2.5)

phase is necessary for the formation of a protective external

AlO 3 scale on iridium-aluminum alloys. The activation energy for

the growth of A1 2 03 on iridium-60 at% aluminum alloy is in

agreement with that determined previously for NiAl at lower

temperatures. 1 This suggests that a similar process may control

the A1203-scale growth on these two alloys.

Silicon decreases the aluminum concentration necessary for

the formation of a protective alumina scale from around 55 to

below 30 at%, and remarkably increases the lifetime of the A1203

scale. For example, at 1,5500C (2,822"F) in 1 atm oxygen, an

iridium-30 at% aluminum-10 at% silicon alloy (20 mils thick)

exhibits a protective oxidation behavior for over 300 hours,

whereas an iridium-60 at% aluminum alloy (20 mils thick) exhibits

a protective oxidation behavior for only about 60 hours.

Furthermore, temperature cycling does not lead to scale spallation
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or increased oxidation rates. The oxidation behavior exhibits

three characteristic stages: initial parabolic oxidation stage,

leveled off oxidation stage, and nonprotective oxidation stage.

From weight change results and SEM/EDAX analysis, we propose that

the oxidation is controlled by the growth of an alumina scale

during the parabolic oxidation stage, by the combination of the

growth of a silica scale and the loss of gaseous iridium oxides

during the leveled off oxidation stage, and by the loss of gaseous

iridium oxides during the nonprotective oxidation stage.

We suggest that silicon may increase the aluminum activity in

the ternary iridium-aluminum-silicon alloy. The increased

aluminum activity will increase the flux of aluminum to the

scale/alloy interface and thus decrease the aluminum concentration

necessary for the formation of a protective alumina scale. The

increased lifetime of the ternary alloys is ascribed to the

decreased aluminum concentration necessary for the formation of a

protective alumina scale during the parabolic oxidation stage and

the formation of silica layer during the leveled off oxidation

stage. We propose that the iridium-aluminum-silicon alloys with

the aluminum concentration from 30 to 50 at% and the silicon

concentration from 8 to 15 at% are the best potential coating

materials for substrate protection in oxidizing environments at

temperatures above 1,5509C (2,822"F).

Rhenium-aluminum-silicon, molybdenum-aluminum-silicon, and

tungsten-aluminum-silicon alloys may also exhibit good oxidation

resistance, but the data are too sparse for any definite analysis

or conclusions. However, a molybdenum-40 aluminum-30 silicon
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alloy exposed to 1 atm oxygen and thermally cycled between 1,5500C

and room temperature, exhibits protective oxidation behavior for

over 800 hours. Figs. 23.a and 24.a suggest that molybdenum-

aluminum-silicon alloys may not be suitable as coating materials

for long time appliatic..s ( evera1 hundreRd hours) becausp of the

formation of pores in the alloy after long time exposure. We

recommend that more work be done for the rhenium, molybdenum, and

tungsten-based alloys to fully understand the oxidation behavior.
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V. CONCLUSIONS

* The hafnium concentration necessary for the formation of a

protective hafnia scale in iridium-hafnium alloys is above

50 at% hafnium.

* The aluminum concentratiorL necessary for the formation of

a protective alumina scale in iridium-aluminum alloys is

above 55 at% aluminum.

* The growth of a protective alumina scale on iridium-

aluminum alloys is controlled by the inward diffusion of

oxygen via grain-boundaries.

* Silicon decreases the aluminum concentration necessary for

the formation of a protective alumina scale on iridium

-aluminum alloys from around 55 at% to below 30 at%.

* Silicon remarkably extends the lifetime of the alumina

scale.

* Oxide scale spallation does not occur during temperature

cycling of iridium-aluminum-silicon alloys.

* The oxidation behavior of iridium-aluminum-silicon alloys

exhibits three characteristic stages: parabolic oxidation

stage, leveled off oxidation stage, and nonprotective

oxidation stage.
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The controlling mechanism for each oxidation stage is:

* Parabolic oxidation stage: Growth of alumina

* Leveled off oxidation stage: Growth of silica aA.d loss

of iridium

*tt cxidatior stage: L. of 4rll-M

Iridium-aluminum-silicon alloys with the aluminum

concentration from 30 to 50 at% and the silicon

concentration 8 to 15 at% are recommended as the best

potential coating materials for protection in oxidizing

environments at temperatures above 1,5500C (2,822"F).
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